We sought to establish the clinical relevance of micrometastatic disease detected by reverse transcription polymerase chain reaction (RT-PCR) in axillary lymph nodes (ALN) of breast cancer patients. Background: The presence of ALN metastases remains one of the most valuable prognostic indicators in women with breast cancer.
tant prognostic indicators is the presence of axillary lymph node (ALN) metastases. Frequently, ALN disease status is the critical parameter for determining whether adjuvant systemic chemo or hormonal therapy is recommended. [1] [2] [3] As a result, staging for newly diagnosed clinical stage I and II breast cancer patients has traditionally included an ipsilateral ALN dissection (ALND). Unfortunately, standard H&E histopathologic analysis of ALN has limitations. A number of studies have shown that performing additional tissue sections and/or immunohistochemical staining (IHC) of ALN increases metastases detection by up to 25%. 4 -6 Furthermore, these retrospective studies suggest that the prognosis for patients with occult disease is similar to patients with pathology-positive ALN. 4, 5, 7 These findings imply that the development of more sensitive methods to detect micrometastatic disease in ALN could significantly improve breast cancer staging.
The recent identification of genes overexpressed in breast cancer combined with advances in molecular biology provide such an opportunity for improving breast cancer staging. 8 -16 We and others have shown that the reverse transcription polymerase chain reaction (RT-PCR) is capable of detecting metastatic disease in ALN of breast cancer patients, 15, 17 with a sensitivity of up to one cancer cell per 10 7 normal cells. 18 -20 Ironically, the exquisite sensitivity of RT-PCR has hindered its clinical application because the majority of potential markers have some baseline expression in normal tissues. 21, 22 Due to the fact that conventional RT-PCR techniques are at best semiquantitative, it has been difficult to differentiate between baseline gene expression in normal tissues and increased gene expression associated with breast cancer. 8, 21, [23] [24] [25] [26] [27] [28] [29] As a result, some investigators consider PCR technology to be problematic for clinical application with false positive and/or clinically irrelevant results a concern. 8,21,23,25-27,29 -31 Real-time RT-PCR solves these limitations through the use of an online fluorescence detection system that precisely quantifies the amount of PCR product. We have previously shown that real-time RT-PCR can differentiate between baseline gene expression in normal tissues and cancer-associated gene overexpression. 32, 33 For example, CEA, CK19, and muc1 have detectable baseline expression in normal lymph nodes, but expression levels in ALN with metastatic breast cancer is 5-fold to 3500-fold higher. 32 Our data indicate that a combination of multimarker analysis and quantitative realtime RT-PCR can be a precise and powerful tool for the detection of breast cancer ALN metastases. Furthermore, the genes mam, PIP, PDEF, CK19, CEA, muc1, and mamB have particular promise for breast cancer detection. 15, 32, 33 Although these results suggest that molecular markers could serve as valid surrogates for metastatic and micrometastatic breast cancer, their clinical relevance is unproven. To address this, the Minimally Invasive Molecular Staging of Breast Cancer (MIMS) trial was initiated. This trial represents the first prospective cohort study in which a multimarker, real-time RT-PCR analysis was applied to the detection of breast cancer micrometastases in ALN. Sentinel and/or nonsentinel ALN from 489 breast cancer subjects with T1-T3 primary tumors were analyzed by standard histopathology and multimarker, real-time RT-PCR analysis. The study was designed with sufficient statistical power to correlate molecular analyses with clinical outcome at 5 years. Although the clinical outcome data are not yet available, we show in this interim report that real-time RT-PCR is able to sensitively detect metastatic breast cancer in ALN and that overexpression of breast cancer-associated genes in subjects with pathology-negative ALN is correlated with traditional indicators of poor prognosis.
MATERIALS AND METHODS

Study Design
A prospective cohort study design was adopted. Upon recruitment, eligible participants with stage I, IIa, or IIb breast cancer were requested to consent to tissue sampling from ALN, SLN, bone marrow, and whole blood. Tissue sampling was accomplished during the planned surgical procedure while the subject was under anesthesia. Real-time RT-PCR analyses were performed on all tissue specimens submitted to the Central Molecular Diagnostics Laboratory at the Medical University of South Carolina (MUSC). Staging was performed according to American Joint Committee on Cancer (AJCC) guidelines and included the results of routine histopathology of ALN. Patients received the current standard of care without their clinicians' knowledge of, or reference to, the molecular analyses. The Clinical Innovation Group (TCIG, Charleston, SC) served as the coordinating center, and all study data were collected, processed, and analyzed at this central facility.
Data Management
Case report forms (CRFs) indexed by a unique subject number were used to record the clinical data for research purposes. The site investigators maintained the key that linked subject number with subject name to ensure confidentiality of the data at the coordinating center. Once CRFs were completed, they were transmitted via express mail to the coordinating center for processing. The CRFs were independently double-key entered into a Clintrial 4.2 database. The database was programmed with consistency checks to ensure the data entered were within a valid range with logical sequences and that all required items were completed. Written data clarification requests were sent to the sites to update the information if deficiencies in the data were identified. Quality control of the data was conducted in 2 phases. Trained monitors verified reported data against source docu-ments (ie, monitored) and ensured all applicable regulatory documents were current. An additional quality control step was conducted by randomly sampling 20% of CRFs in the database for a CRF-to-database audit. Both processes include written documentation of discrepancies identified.
Study Subjects
Five hundred fifty subjects with pathologically confirmed invasive breast carcinoma were enrolled in the MIMS Trial. Inclusion criteria were as follows: age 18 years and older, tumor size category of T1-T3; ECOG (Eastern Cooperative Oncology Group) performance status of 0 (normal), 1 (with symptoms but ambulatory), or 2 (in bed Ͻ 50% of the time); recent bilateral mammogram with normal contralateral breast; and chest x-ray with no evidence of metastatic breast cancer. Exclusion criteria were as follows: inflammatory breast cancer or Paget disease; prior ductal or lobular carcinoma in situ; clinical evidence of supraclavicular, infraclavicular, or ALN involvement; or known metastatic disease. Subjects with a history of previous treatment of breast cancer were also excluded. Informed consent was obtained in accordance with each participating center's institutional review board regulations.
ALN Specimens From Breast Cancer Subjects
The surgeon and surgical pathologist at the individual clinical centers selected the ALN for the study. In general, if a sentinel lymph node (SLN) biopsy was performed, the SLN was submitted, although this was not required. If an ALN dissection was performed, at least 3 ALN were submitted. Approximately one half of the selected SLN and ALN were sent to surgical pathology at the clinical center for routine histopathology. The other half of the selected ALN were snap-frozen in liquid nitrogen and shipped to the Central Molecular Diagnostics Laboratory on dry ice for real-time RT-PCR analyses. ALN were evaluated by standard hematoxylin and eosin (H&E) histopathology at the participating center. The pathology status for lymph nodes was based on the H&E staining only. If the ALN was positive only by IHC, the subject was considered to have pathology-negative ALN. Real-time RT-PCR analyses were performed in a blinded manner.
Lymph Node Specimens From Control Subjects Without Evidence of Malignancy
To define baseline expression levels for the molecular markers used in this study, normal lymph nodes from patients without evidence of malignancy were procured. Informed consent was obtained from 51 patients undergoing elective carotid endarterectomy at MUSC. None of the patients had a history or clinical evidence of malignancy. At the time of the procedure, a single cervical lymph node was removed, snapfrozen in liquid nitrogen, and sent to the Central Molecular Diagnostics Laboratory for real-time RT-PCR analyses.
RNA Isolation and cDNA Synthesis
Total cellular RNA was isolated from control lymph nodes and lymph nodes from breast cancer subjects using a guanidinium thiocyanate-phenol-chloroform solution (RNA STAT-60; TEL-TEST, Friendswood, TX). Lymph node specimens were removed from Ϫ70°C storage and immediately weighed without allowing the tissue to thaw. SLN were processed separately from ALN. A maximum of 3 ALN were pooled together into 1 sample, while SLN were analyzed individually. Tissue (Յ0.15 g) was then homogenized in 1 mL of RNA STAT-60 using a model 395, type-5 polytron (Dremel, Racine, WI). Total RNA was isolated per the manufacturer's instructions, with the exception that 1 L of a 50 mg/ml solution of glycogen (Sigma, St. Louis, MO) was added to the aqueous phase before addition of isopropanol. The RNA pellet was dissolved in 50 L of 1ϫ RNA secure buffer (Ambion, Austin, TX). RNA was quantified by spectrophotometry at 260 nm. cDNA was made from 5 g of total RNA using 200 U of M-MLV reverse transcription (Promega, Madison, WI) and 0.5 g Oligo (dT) [12] [13] [14] [15] [16] in a reaction volume of 20 L (10 minutes at 70°C; 50 minutes at 42°C; 15 minutes at 70°C).
Real-Time RT-PCR
The real-time RT-PCR primers have been previously reported: 32, 33 mglo: F 5Ј-TGAGTGCTGTCTCCATGTTTGA, R 5Ј-TCTGCTCCCCACCTCTAAGTTG; PDEF: F 5Ј-AGTGCTCAAGGACATCGAGACG, R 5Ј-AGCCACTTCT-GCACATTGCTG; mam: F 5Ј-CGGATGAAACTCTGAG-CAATGT, R 5Ј-CTGCAGTTCTGTGAGCCAAAG; CK19: F 5Ј-CATGAAAGCTGCCTTGGAAGA, R 5Ј-TGATTCTGC-CGCTCACTATCAG; muc1: F 5Ј-ACCATCCTATGAGC-GAGTACCC, R 5Ј-GCCACCATTACCTGCAGAAAC; PIP: F 5Ј-GCCAACAAAGCTCAGGACAAC, R 5Ј-GCAGT-GACTTCGTCATTTGGAC; mamB: F 5Ј-AGCAGTGTTTC-CTCAACCAGTC, R 5Ј-TCTGAGCCAAACGCCTTG; CEA: F 5Ј-TAAGTGTTGACCACAGCGACCC, R 5Ј-GTTCCCAT-CAATCAGCCAAGAA. Real-time RT-PCR analyses were performed on a PE Biosystems Gene Amp 5700 Sequence Detection System (Foster City, CA). All reaction components were purchased from PE Biosystems. The standard reaction volume was 10 L and contained 1ϫ SYBR Green PCR Buffer; 3.5 mM MgCl 2 ; 0.2 mM dATP; 0.2 mM dCTP; 0.2 mM dGTP; 0.4 mM dUTP; 0.25 U of AmpliTaq Gold; 0.1 U of AmpErase UNG enzyme; 0.7 L of cDNA template; 0.25 M forward primer; and 0.25 M reverse primer. The initial step of PCR was 2 minutes at 50°C for AmpErase UNG activation, followed by a 10-minute hold at 95°C. Cycles (n ϭ 40) consisted of a 15 seconds denaturation step at 95°C, followed by a 1 minute annealing/extension step at 60°C. The final step was a 60°C incubation for 1 minute. All reactions were performed in triplicate. The threshold for cycle of threshold (C t ) analysis was set at 0.5 relative fluorescence units.
Primary Data Analyses
Real-time RT-PCR data were quantified as C t values that are inversely related to the amount of starting template; high C t values correlate with low levels of gene expression, whereas low C t values correlate with high levels of gene expression. Results were normalized to an internal control reference gene, ␤ 2 -microglobin, by subtracting the mean C t value of ␤ 2 -microglobin from the mean C t value of each respective gene (⌬C t value). Samples for which C t values for ␤ 2 -microglobin were equal to or higher than 22 were considered to contain inadequate RNA and were excluded from the analysis. To define baseline levels of gene expression and to define thresholds for marker positivity, 51 cervical lymph nodes from patients with no evidence of malignancy were analyzed. The size of this control group was based on 95% confidence interval data obtained from Geigy Scientific Tables. 34 Threshold values for each individual marker were set at 3 standard deviations below the mean ⌬C t value in the control group. A subject was considered to be positive for the molecular analysis if at least 1 marker in the panel was below the defined threshold. Data from real-time RT-PCR analyses were compiled in a Microsoft Access database and submitted to TCIG at MUSC for statistical analyses.
Statistical Analyses
Simple descriptive summary statistics (means Ϯ standard deviations for continuous variables and proportions for categorical variables) were obtained to describe the demographic and clinical characteristics of the study sample. Degree of agreement between pathologic and molecular results was calculated as a Kappa statistic. Logistic regression analyses were performed using SAS version 8.0 software (SAS Institute Inc., Cary, NC) for the analysis of pathologic and molecular outcome adjusting for predefined baseline covariates that have been associated with pathologic outcome in prior studies. Predefined baseline covariates were tumor size, histologic grade, estrogen receptor status, progesterone receptor status, Her2neu status, and St. Gallen 
RESULTS
Demographic and Clinical Characteristics
A total of 550 breast cancer patients were enrolled from 14 medical centers into the MIMS study. Of these, 489 subjects were analyzable. Sixty-one patients (11%) who ini-tially consented were excluded from the final analysis due to 1 or more of the following reasons: subject withdrawal of consent (n ϭ 6), subject ineligibility (n ϭ 13), standard histopathology unavailable (n ϭ 18), specimens lost or thawed during shipment (n ϭ 17), or inability to obtain adequate mRNA from tissue specimens (n ϭ 7). Reasons for subject ineligibility included presence of invasive cancer or lymphoma in the contralateral breast, previous diagnosis or treatment of cancer within the exclusionary timeframe, diagnosis of ALN metastases before subject registration, and final diagnosis of DCIS without invasive breast cancer. Demographic and clinical characteristics of the analyzable subjects are listed in Table 1 .
Precise Quantitation of Marker Gene Expression in Control Lymph Nodes
We have previously shown that the majority of known breast cancer-associated genes have some background expression in normal lymph nodes. 32, 33 For this study, we selected 7 breast cancer-associated genes (mam, mamB, PIP, CK19, muc1, PDEF, and CEA) known to be overexpressed in metastatic breast cancer compared with control lymph nodes. 32, 33 Baseline gene expression was precisely quantitated in 51 control lymph nodes by real-time RT-PCR. To obtain maximum specificity, a threshold value for marker positivity, ie, abnormal expression was set at 3 standard deviations beyond the mean ⌬C t value for each gene ( Fig. 1 ). At the defined threshold values, positivity was not observed for any marker in the control samples.
Routine Histopathology and Real Time Multimarker RT-PCR Analysis of the MIMS Study Cohort
Of the 489 analyzable patients enrolled on study, 145 (30%) had one or more standard histopathology pathologypositive ALN, and 344 (70%) had pathology-negative ALN. Using the above-defined threshold values, a multimarker RT-PCR analysis was then performed for the 489 subjects. Of this cohort, real-time RT-PCR analyses revealed a positive marker signal in 126 (87%) of 145 of subjects with pathology-positive ALN, and in 112 (33%) of 344 subjects with pathology-negative ALN. The frequency of overexpression for each marker is shown in Figure 2 .
Multimarker Molecular Analysis Improves the Sensitivity of Metastatic Breast Cancer Detection
To assess the value of multimarker analysis for the detection of metastatic and micrometastatic breast cancer, we determined the frequency of gene overexpression for various marker combinations ( Fig. 3 ). For patients with pathologypositive ALN (n ϭ 145), mam was the most sensitive marker and was overexpressed in 114 (or 90.5%) of the 126 patients Molecular Detection of Micrometastatic Breast Cancer who were positive by molecular analyses. This result is consistent with previous studies demonstrating that mam has the highest diagnostic accuracy for the detection of metastatic breast cancer. 32, 35 Of the patients in the pathology and molecular-positive ALN subgroup who did not overexpress mam, CEA was the next most valuable marker. The combination of mam and/or CEA (ie, a 2-gene marker panel) was positive in 123 (97.6%) of 126 RT-PCR positive patients ( Fig. 3 ). Of the patients in this subgroup who did not express mam or CEA, PIP was the next most valuable marker; the combination of mam and/or CEA and/or PIP (ie, a 3-gene marker panel) detected gene overexpression in 125 (99.2%) of 126 subjects.
To determine the value of multimarker analysis for the detection of occult metastatic disease, we evaluated the frequency of gene overexpression in pathology-negative patients (n ϭ 344) ( Fig. 3 ). Of this cohort, 112 patients had at least 1 molecular marker positive (Fig. 2) . Similar to the pathologypositive ALN results, we observed that the mam, CEA, and PIP marker combination yielded the highest apparent sensitivity ( Fig. 3 ). However, in contrast to the 99.2% detection rate observed in pathology-positive patients, this marker combination only accounted for 105 (93%) of the 112 RT-PCR-positive/pathology-negative patients. These data suggest that multimarker analysis may be most important in the setting of minimal disease. 
Real-Time RT-PCR Multimarker Positivity Significantly Correlates With Clinical Parameters That Predict a Poor Prognosis
To determine whether the results of the molecular analyses were correlated with traditional prognostic indicators, we performed 3 specific subgroup analyses: (1) the distribution of positive standard histopathology in ALN of all subjects (n ϭ 489); (2) the distribution of positive molecular analyses in ALN of all subjects (n ϭ 489); and (3) the distribution of positive molecular analyses in ALN of pathology-negative patients (n ϭ 344) ( Table 2 ). In each group, the distribution of positive histopathology or real-time RT-PCR increased with tumor size, clinical stage, histologic grade (grade I versus grades II & III), Her2neu status, and St. Gallen risk category ( Table 2) . These data strongly suggest that the distribution of real-time RT-PCR results is not random, but rather is associated with traditional prognostic indicators.
To determine the statistical significance of the apparent association between molecular analyses and traditional risk factors, individual logistic regression analyses were performed using standard histopathology or molecular status of ALN (positive versus negative) as the dependent variable and the following clinical parameters as independent variables: tumor size, histologic grade, ER status, PR status, Her2neu status, and St. Gallen risk category (Tables 3-5 ). For the distribution of positive standard histopathology in ALN of all patients (n ϭ 489), standard histopathology was significantly associated with tumor size (Ͼ1 cm versus Յ1 cm; P Ͻ 0.0001, OR ϭ 5.937, 95% CI ͓3.159 to 11.159͔), histologic grade (II-III versus I: P ϭ 0.0018, OR ϭ 2.162, 95% CI ͓1.331 to 3.511͔), and St. Gallen risk category (high versus low/intermediate: P ϭ 0.0028, ORϭ2.316, 95% CI ͓1.335 to 4.018͔) ( Table 3 ). For the distribution of positive molecular analyses in ALN of all patients (nϭ489), significant associations were observed with tumor size (P Ͻ 0.0001, ORϭ2.608, 95% CI ͓1.711, 3.975͔), histologic grade (P ϭ 0.0003, ORϭ2.163, 95% CI ͓1.428, 3.275͔), and St. Gallen risk category (P ϭ 0.0009, ORϭ2.155, 95% CI ͓1.369, 3.393͔) ( Table 4 ). For the distribution of positive molecular analyses in ALN of subjects with pathology-negative ALN (n ϭ 344), positive molecular analyses clearly increased with tumor size, although this did not reach statistical significance (P ϭ 0.0889). However, molecular analyses were significantly associated with histologic grade (P Ͻ 0.0255, OR ϭ 1.799, 95% CI ͓1.075 to 3.012͔) and St. Gallen risk category (P Ͻ 0.0220, ORϭ1.946, 95% CI ͓1.101 to 3.441͔) ( Table 5 ). The collective findings from these logistic regression analyses confirm that the real-time RT-PCR analyses are significantly correlated with clinical parameters that predict a poor prognosis in the entire subject cohort (n ϭ 489) and in the subset of subjects patients with pathology-negative ALN (n ϭ 344). This rigorous statistical analysis suggests that the molecular markers described in this study might serve as surrogates for the presence of small amounts of cancer-like cells.
DISCUSSION
To determine the clinical relevance of molecular detection of metastatic and micrometastatic breast cancer, we 
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Molecular Detection of Micrometastatic Breast Cancer initiated a multi-institutional prospective cohort study (the MIMS Trial) using a panel of molecular markers designed to have a moderate to high diagnostic accuracy for the detection of breast cancer metastases. 32, 33 The MIMS trial as designed has the potential to provide a significant contribution to the field of breast cancer molecular diagnostics for several rea-sons. The analyses have been performed using for the first time a quantitative real-time RT-PCR and a multimarker gene panel with threshold levels for marker positivity based on quantitative analyses of a significant number of normal lymph nodes (n ϭ 51). To provide validity, the study was prospectively designed, all real-time RT-PCR assays were performed in a blinded manner, and the results were analyzed by an independent statistical group. Finally, the number of subjects analyzed in the study (n ϭ 489) should be large enough to provide the statistical power required to help define the clinical relevance of molecular detection of micrometastases.
The analyses of ALN from 489 breast cancer subjects by multimarker real-time RT-PCR has been completed. The results indicate that 33% of subjects with pathology-negative ALN have a positive marker signal in their lymph nodes by real-time RT-PCR. The primary hypothesis of the MIMS Trial is that in this subgroup of patients with pathologynegative ALN, the presence of a positive marker signal will be associated with a worsened clinical outcome (defined as the proportion of subjects having disease relapse within 5 years of diagnosis). In preliminary support of this hypothesis, Table 2 demonstrates that the rate of marker positivity increased with tumor size, histologic grade (grade I versus grades II & III), Her2neu expression, and St. Gallen risk category ( Table 2 ). Even though the associations among marker positivity, tumor size, and Her2neu status did not reach statistical significance, the results of logistic regression analyses confirm that the associations among marker positivity, histologic grade, and St. Gallen risk category are statistically significant (Tables 3-5 ). These data provide evidence that marker positivity is associated with clinical parameters that predict poor prognosis, a finding that supports the concept of applying a molecular approach for the detection of micrometastatic breast cancer. Validation of this approach will require the correlation with the clinical outcomes at 5 years.
A major limitation of conventional RT-PCR is the inability to precisely quantify the amount of mRNA template, and we believe that this may explain the variable results that have been reported in the literature. Specifically, in the field of breast cancer molecular diagnostics, Noguchi et al 18 To date, only 1 prospective study designed to assess the value of molecular detection of micrometastatic breast cancer has been reported. 39 In this study, Sakaguchi et al 39 reported that 11% of patients with pathology-negative ALN had evidence of CK19 overexpression by conventional RT-PCR. However, the authors concluded that these results were not clinically relevant because outcomes for patients who overexpressed CK19 were not significantly different than the outcomes for patients who did not overexpress this marker. In the present study, overexpression of CK19 was detected in 39 These results suggest that Sakaguchi et al 39 may not have been able to differentiate between baseline CK19 expression and CK19 overexpression using conventional RT-PCR, leading to a significant number of false positive results. This potential limitation of conventional PCR is addressed directly in the MIMS trial by the use of quantitative real-time RT-PCR.
In terms of the individual molecular markers, mammaglobin clearly appears to be the most valuable molecular marker for the detection of metastatic breast cancer in ALN, and is overexpressed in 79% of subjects with pathologypositive ALN (or 90% of subjects with pathology-positive ALN who were marker-positive). This result is concordant with our previous work in which mammaglobin was overexpressed in 94% of pathology-positive lymph nodes. 32 It is also concordant with the study by Zehentner et al, in which mammaglobin was detected by real-time RT-PCR in 80% of pathology-positive ALN. 35 Studies using conventional RT-PCR have also validated the high diagnostic accuracy of mammaglobin, with sensitivities ranging from 78% to 100% and specificities ranging from 86% to 100%. 31, 36, 37, 40, 41 The use of multimarker gene panels for the detection of metastatic breast cancer has been proposed by many investigators. 17, 21, 31, 32, 35, 36 The results of this study confirm that a combination of markers significantly improves the potential value of the molecular assay as the sensitivity of the assay is significantly improved using the multimarker panel. However, the present data also suggest that a multimarker gene panel is most important for the detection of micrometastatic disease (low tumor burden). Our data indicate that to obtain a sensitivity of 97% in subjects with marker-positive/pathology-positive ALN, a 2-marker gene panel is sufficient (mam, CEA). However, to obtain a similar level of sensitivity in subjects with marker-positive/pathology-negative ALN a 4-marker gene panel is required (mam, CEA, PIP, CK19) (Fig. 3) . These results suggest that in pathology-negative ALN, where the disease burden is presumed to be low, the diagnostic accuracy of the individual molecular markers is decreased, and an extended maker panel is required to achieve maximum disease detection.
Overall, the sensitivity of multimarker real-time RT-PCR for the detection of metastatic breast cancer was 87%. Evaluation of the 19 subjects with pathology-positive ALN who were marker-negative (false negatives) revealed a significant potential for sampling error. In fact, 15 of the 19 patients in this group had only 1 pathology-positive ALN, and the median number of ALN analyzed by pathology was 12 per subject. We suspect that, in these 19 false-negative cases, the ALN containing metastatic breast cancer may not have been available for RT-PCR analysis. Another source of sampling error is the fact that the ALN specimens were divided at the time of collection, with half of the specimen sent for routine pathology and half for real-time RT-PCR. Thus, there is the potential that the portion of the ALN with metastatic breast cancer was sent for routine pathology but not real-time RT-PCR. 42 In summary, the interim analysis from this prospective clinical trial provides the first report of a statistically significant association between molecular detection of breast cancer micrometastases and traditional predictors of poor prognosis in subjects with pathology-negative ALN. If the long-term results of the MIMS trial support the hypothesis that molecular detection of breast cancer micrometastases is clinically relevant, the staging of breast cancer could be approached with increased sensitivity and accuracy. This may be particularly relevant for the analysis of SLN, as the overall accuracy of SLN biopsy appears to be predicated on the sensitive pathologic evaluation of the SLN. Ultimately the development of a sensitive molecular diagnostic assay for the detection of breast cancer micrometastases is likely to translate into an improved ability to tailor adjuvant therapies by identifying high-risk patients who would most likely benefit from aggressive systemic therapy.
nodes. Of the RT-PCR molecules that were evaluated, mammoglobin was the most important predictor in this group. I think that was somewhat a surprise to us.
The authors are to be congratulated, though, as this is the first study to our knowledge that has actually confirmed overexpression of these specific related cancer-associated genes. I have 3 questions for you, Dr. Cole.
Could the authors explain further to the Fellows and guests of this Association how they selected the particular mutated proteins that they examined? As you know, many of us have had grave doubts, especially for those such as CEA and CK19 as a discriminator to correlate with prognosis and clinical outcomes in breast carcinoma. Did the authors consider others such as p53, ras, fos, myc, or other mutated proteins in the primary tumor and/or the ALNs? Again, what is really the rationale for your methodology relative to this DOD study and its funding to evaluate these particular molecules?
Secondly, it is well known that the pathological, the biochemical, as well as the molecular variables that have been most important in detecting prognosis in breast cancer include the size, the grade, the ER and PR status of the tumor, as well as Her2neu expression. However, in your analysis, if my interpretation of the manuscript is correct, the ER-negative and PR-negative as well as the Her2neu-positive status (which are the ultimate discriminators of a bad outcome in these cases) did not correlate statistically with your predicted clinical outcomes. In addition, positive molecular analysis relative to these clinical variables also did not validate these traditional markers to be important in the pathologically positive and negative outcomes. I think it is essential that this be explained, if I have interpreted your data correctly.
The third question I would have is that the rate of marker positivity was correlated to increase with the tumor size, histologic grade, Her2neu expression, and, finally, the St. Gallen risk category. However, the associations here, as you said earlier, did not reach statistical significance, except in logistic regression analyses. While this is a leap of faith, how can the authors then conclude that these data provide evidence that marker positivity is associated with hopefully those clinical parameters that we can predict a poor prognosis? Therein, you and I will know who not to treat if they have a terrible phenotype expression, and those are the ones we really want to isolate.
In summary, I think this is a very important Stark II as one of the first important prospective studies to look at specific molecular staging of traditional pathological markers. And I hope, Dr. Cole, you and your colleagues will bring this back to this Association in 5 years and give us the clinical outcomes of these data. It is a very important paper. I greatly enjoyed it.
DR. R. DANIEL BEAUCHAMP (NASHVILLE, TENNESSEE): I too congratulate Dr. Cole and his colleagues on an innovative study. He has been doggedly pursuing this area for several years now, and this is starting to pay off.
I think that this project has the potential to really revamp the way that we stage breast cancer. I don't think we know that potential yet from this report. I think the aspect of the study that has the most promise is the analysis of bone marrow and the analysis in the peripheral blood samples that were not presented, because they are not yet available, as part of the interim analysis in the study.
One of the disturbing aspects of the data-and I think you explained why this happened-but one of the disturbing aspects was the 13% false negative rate. And that is combined with the 33% rate of PCR-positive but pathologically negative nodes. So we really don't know what the false positive rate is. We know at least that there is a 13% false negative rate. And that is particularly disturbing.
That may be explained in part by the selection of the lymph nodes to be analyzed. And I wonder if you have gone back to actually analyze only the sentinel nodes comparing PCR and histology in only the sentinel nodes, excluding those patients who had standard lymph node dissection up front? In this regard, the sentinel nodes could be focused on, and you would have more precise pathological staging. In that case, what was the rate of positivity and what was the false negative rate?
Have you gone back and done serial sections in immunohistochemistry on the ALNs where the PCR was positive but the pathology was negative? In other words, go back and do a serial section of those nodes to determine whether you actually missed micrometastases? And what was the rate in that circumstance?
Finally, have you yet established a correlation between pathologic positive lymph nodes and either blood or bone marrow PCR results? We anxiously await your results and the maturation of this study.
DR. HENRY M. KUERER (HOUSTON, TEXAS): I enjoyed the presentation. A great number of sites participated in the study. I have 2 questions. It appears that 33% of patients had a pathology-negative but PCR-positive result. Have you performed serial sections and/or immunohistochemistry on these negative nodes? Concerning the potential false positive PCR rate for your study, I know it is difficult to determine this for your study, but based on previous studies with these markers can you give us an idea of what you would expect?
DR. WILLIAM C. WOOD (ATLANTA, GEORGIA): Dr. Cole, this is an exciting study. Have you stratified the nodenegative, molecularly positive patients for core or FNA biopsy versus open? We know that we seed little crumbs of tumor cells into these nodes when we do an invasive biopsy. Is that what we are seeing? Or are these truly micromets? DR. MICHAEL J. EDWARDS (LITTLE ROCK, ARKANSAS): I enjoyed the paper. I would remind the authors that we also need to consider the impact of the stage shift adjustment in the lymph node biopsy. And we need stress to the readers of Annals of Sugery, as this discussion comes out that we don't even know the biology of the SLN-negative patient. It may be that none of those patients actually benefit from adjuvant chemotherapy. We simply have not followed a group of SLN-staged patients who were node-negative long enough to know what the natural history of that group is; now we throw on top of that the PCR staging, which makes us look through a glass even less clearly. I think this is very important. These kinds of studies need to be done. The authors need to be commended.
I think the important group of these patients is the 232 patients who were not only node-negative and sentinel nodenegative but also PCR negative. Bill Wood designed the NAFE trial, which I implemented. Based on the predictors and historical standards of axillary dissection, Dr. Wood predicted a certain number of events that we would see with 36 months of follow-up. And Dr. Wood, that number of events, as I remember, was on the order of 60 or 70 events of either recurrence or death. In fact, with that median followup, we only saw 21. What that means is with the SLN group who were staged and node-negative were enrolled in that trial, we just didn't see people recur the way we thought they would. I wonder how much of this is due to PCR and how much of it is just actually sentinel node.
DR. ROGER R. PERRY (NORFOLK, VIRGINIA): I also enjoyed this paper. To me, the important use of molecular markers would be to identify one that could serve as a surrogate for the patient's nodal status. So my question is, have you looked at these markers in the primary tumor? If so, what is the correlation with your findings in the lymph nodes? And can you use these markers as a surrogate for lymph node status?
DR. DAVID J. COLE (CHARLESTON, SOUTH CAROLINA): I would like to thank the discussants for their insightful comments and questions.
With respect to Dr. Bland's question in terms of marker selection, we actually went back when we initiated the realtime PCR analysis and looked at the literature to identify known markers that might have significant overexpression in the breast cancer setting. One real problem is that there is no uniquely expressed breast cancer marker, and so there will be normal expression. We actually tested a 15-marker set, and we looked at the relative expression of these markers in a normal lymph node cohort. This was then compared with the level of marker overexpression in a known metastatic lymph node cohort that we have available in the lab.
We found that there are actually some markers that were useless. For example, 1 marker in our pilot study, which I didn't highlight, C-myc was totally useless because there was no statistical difference between normal and cancer expression.
The topic of molecular markers has been a moving target. This study was initiated 4 years ago, and every year there are new markers and genes identified. We have tried to be current. So if a new marker comes up, the question that we always ask is: Does it add anything, or is this yet another marker that is similar to the rest?
So, to answer the question, with our initial studies we looked at relative overexpression levels. The markers that had the clearest delineation between normal and cancer in the lymph node setting were chosen. There were 6 markers that met this criterion.
Admittedly, this is a work in progress. There are going to be more markers. We have evaluated Fos. We have not evaluated Ras. We recently described some markers such as KS14, which have some promise. I am hoping that we can establish some basic principles. Probably the details are going to be markedly different when this all comes out.
The question concerning variables with respect to clinical predictors and prognosis, and specifically Her2 and ER and PR status not being statistically related to node status. I have to say I was surprised by that outcome in this study. I think 1 problem that we are faced with is that Her2-positive or -negative status is institutionally derived. Therefore, the tests that are used and how the primary tumor is evaluated are variable. We have not been able to yet evaluate the primary pathology, which needs to occur, because I suspect that at least some of that would change if we had a routine and standardized process. Although we screen the pathologists and ask that they adhere to fairly uniform standards, I think there is variability with these specific tests. This may contribute to the less than statistically significant Her2 positivity and ER/PR positivity outcome. I do not have any further insight beyond this for that question.
To answer Dr. Beauchamp's question about the bone marrow and peripheral blood data, we are working on a negative control bone marrow cohort currently. With respect to the 13% false negative rate, I certainly hoped that we would do no worse than a 5% rate for false negatives. I have to think that at least a significant contributing factor is as I described: sampling error in the non-SLN cohort. For example, a significant number of the nodes that were differentially positive, path positive-marker negative, had a single node positive by pathology. We are averaging 4 of 12 nodes available for the molecular analysis. So it is not inconceivable that we are just not getting the tissue for analysis. I can tell you that we have done very careful and discreet studies using SLNs where one half went for histologic staining and the other half for PCR analysis. In this setting without simpling error, we have a 100% correlation with pathology positivity.
Molecular Detection of Micrometastatic Breast Cancer I am confident that molecular diagnostics have the requisite capability. I am also certain that sampling error in our cohort is going to be a compounding factor in terms of interpretation of the data. I am not sure in retrospect how it could have been designed differently, given the changing SLN paradigm.
I agree with Dr. Edwards' comment about the significance of the PCR negative-pathology negative node cohort. I think that there are 2 sides to this story. On one hand you would hope that PCR positivity means something. However, I am fairly certain that a negative PCR outcome is going to give you a clean slate, ie, by the most sensitive test you cannot determine evidence of cancer, and so this means a better prognosis. I will be quite excited to see what the outcomes are for this group.
Again, I would like to thank the discussants and apologize if I missed any individual questions.
